Abstract -HlyIIR is a negative transcriptional regulator of the hemolysin II gene from Bacillus cereus. A disordered region (amino acid residues 170-185) localized within the C-terminal domain near the dimerization interface was found in the recently determined HlyIIR X-ray structure. To clarify the effect of this region on HlyIIR properties and potential improvement of the diffraction quality of its crystals, we constructed an HlyIIR mutant with a single alanine residue substituting for the overall disordered region. According to biochemical analysis, the mutant protein still formed a dimer but lost its DNA-binding activity. Its crystals displayed better diffraction quality as compared with the native protein. The mutant structure was determined by X-ray analysis with a resolution of 2.1 Å. However, the mutant protein formed an alternative dimer differing from the wildtype dimer, as its subunits were rotated by 160 ° . The conformation of individual subunits also partially changed. Because this considerable remodeling in the mutant protein structure resulted from the conformational changes in the segment Pro161-Ser169, we concluded that this segment was important for maintaining the native HlyIIR structure.
Bacillus cereus is a widespread gram-positive spore-forming opportunistic microorganism [1, 2] . Certain B . cereus strains can cause food poisoning and several other diseases, including systemic infections [2] . The pathogenic properties of B . cereus are determined by its ability to produce numerous protein toxins; according to their actions, they fall into two groups: enzymatic (for example, phospholipase C and sphingomyelinase) and pore-forming (for example, hemolysin BL and hemolysin II) agents [3, 4] .
Only three transcriptional regulators controlling expression of B . cereus toxin genes have been characterized so far. The genes encoding the majority of toxins expressed in the early stationary growth phase (phospholipase C, cereolysin, nonhemolytic enterotoxin Nhe, and others) are controlled by the positive regulator PlcR [5, 6] . This regulator initiates toxin synthesis according to a quorum sensing mechanism [7] . It has been demonstrated that the mutant B . cereus with an inactivated gene of the transcriptional regulator Fur displays an attenuated phenotype [8] . The regulator Fur controls expression of the genes involved in the metabolism and transport of iron; however, a Fur binding site was also identified in the promoter region of hemolysin II gene. Finally, we have recently described a specific transcriptional regulator of hemolysin II gene, called HlyIIR [9, 10] .
The gene hlyIIR , encoding a protein of 201 amino acid residues long, is located in the B . cereus chromosome immediately downstream of hemolysin II gene; however, both genes are independent transcriptional units. It has been demonstrated in heterologous in vivo systems ( in vivo ( Escherichia coli and B . subtilis ) that the presence of hlyIIR decreases the level of hemolysin II expression [9] . Addition of HlyIIR protein inhibited in vitro transcription from the hemolysin II gene promoter. It was then found that HlyIIR is a DNA-binding protein recognizing a specific 44-bp region in hemolysin II gene promoter. This region has an unusual organization, being a long inverted repeat containing degenerate subrepeats. Two HlyIIR dimers independently bind to the operator in a noncooperative manner; HlyIIR binds operator DNA with an apparent dissociation constant falling into a nanomolar range [10] . HlyIIR forms a ternary complex with RNA polymerase on the promoter-operator segment of hemol- [9] . However, the molecular logic of HlyIIR operation is yet vague despite all available biochemical data.
We have recently determined the X-ray crystal structure of HlyIIR with a resolution of 2.4 Å (PDB code 2FX0) [11] . This protein has an α -helical fold and forms a homodimer. The monomer comprises nine α -helices. It contains two domains-the DNAbinding N-terminal domain (amino acid residues 1-62), including a helix-turn-helix motif, and the C-terminal domain (amino acid residues 63-201), responsible for dimerization. Analysis of the protein structure has demonstrated that the HlyIIR fold is typical of the TetR transcriptional regulator family. The C-terminal domain contains a hydrophobic cavity with a volume of 550 Å 3 ; presumably, it is a ligand-biding site, and the interaction with the putative ligand modulates the DNA-biding properties of HlyIIR, fine-tuning the regulation of hemolysin II gene.
Note that we encountered certain difficulties when crystallizing HlyIIR, since the majority of crystals were of unsatisfactory quality and they diffracted X-rays only to a resolution of 8-10 Å. We tested over 100 crystals of native HlyIIR and its seleniummethionine derivative; however, only three of them gave a diffraction with a resolution exceeding 3 Å. The structure of HlyIIR was determined based on the dataset collected from the best crystal of the HlyIIR selenium-methionine derivative. We failed to reproduce any crystals of the desired diffraction quality, because the new HlyIIR crystals obtained under the same conditions gave a resolution only to ~10 Å. Attempts to crystallize the HlyIIR-DNA complex were also unsuccessful. It was found when refining HlyIIR structure that interpretable electron density maps were absent for the segment of amino acids 170-185. This suggests that this protein region is disordered (display multiple conformations). Presumably, this particular disordered region has a negative effect on the crystallization of both HlyIIR itself and its complex with DNA. In this work, we tested this hypothesis and studied the functions of disordered segment 170-185.
EXPERIMENTAL
Site-directed mutagenesis. The hlyIIR gene of B . cereus strain B-771 was cloned into the expression vector pET28a, coding for the N-terminal 6His-tag and protease (thrombin) cleavage site. This construct was used as a template for polymerase chain reaction (PCR). Primers with a length of 60 nucleotides (CAAAGTTTAAAAGTTCATTGATTCTGCAGAT-TTGGTGAGCAGGATTATTTCTGCTTTAA and the complementary sequence) resulted in substitution by the alanine codon (GCA) for the gene region encoding amino acid residues 170-185. PCR was performed using KOD Hot Start (Novagen) DNA polymerase and the corresponding reagent kit. Two reaction mixtures containing all necessary PCR reagents and one of the primers were prepared. After one primer extension cycle, two reaction mixtures were pooled together and standard PCR was performed (25 cycles). The resulting mixture was treated with Dpn I restriction endonuclease and used to transform E. coli NovaBlue GigaSingles (Novagen) competent cells. Plasmid DNA was isolated from several clones using a Qiagen kit; mutagenesis results were verified by sequencing. Thus, the mutant gene, called hlyIIR ∆ L was obtained.
Protein purification. The expression strain E . coli BL21(DE3)-Star was transformed with the plasmid carrying hlyIIR ∆ L gene in vector pET28a. The cells were grown in LB medium at 37°ë to OD 600 = 0.8, then expression was induced with 1 mM isopropylthio-β -D-galactoside (IPTG). Then the cells were grown for 1 day at 16°ë , pelleted by centrifugation, resuspended in buffer A (25 mM potassium phosphate buffer pH 7.8, 300 mM sodium chloride, 20 mM imidazole, and 3% glycerol), and destroyed by sonication. The lysate was clarified by centrifugation, and the supernatant was loaded onto a His-Trap HP 5 ml (GE Healthcare) metal-chelate column charged with nickel ions and equilibrated with buffer A. The recombinant protein was eluted with a 20-500 mM imidazole linear gradient in buffer A. Then the 6His-tag was cleaved with thrombin (1 U thrombin per 1 mg protein; incubation for 14 h at 22°ë ). The resulting mixture was passed through the same metal-chelate column equilibrated with buffer A to remove the cleaved fragment. The protein not bound to column was purified by gel filtration on a Superdex 75 16/60 (GE Healthcare) column equilibrated with buffer B (20 mM Tris pH 8.0 and 200 mM sodium chloride). At all stages, the protein purification was controlled by electrophoresis under denaturing conditions (SDS-PAGE). The purified protein was concentrated to 18 mg/ml in a VivaSpin 500 10K concentrator, divided into aliquots, frozen in liquid nitrogen, and stored at -80°ë .
Crystallization and data collection. The initial crystallization conditions were found using Hampton Research screenings. The crystals were grown by the solvent vapor diffusion sitting drop technique. HlyI-IR ∆ L protein (0.15 µ l) was mixed with precipitant solution (0.15 µ l) in Greiner low-profile plates using a Mosquito robot (TTP Labtech). The best crystals were obtained with 100 mM Tris pH 8.0, 100 mM ammonium sulfate, and 20% PEG-3350 as a precipitant; flat crystals grew over 24 h to a size of approximately 0.2 × 0.3 × 0.05 mm. The crystals were transferred to cryosolution (crystallization solution supplemented with 15% glycerol) and frozen in liquid nitrogen. The diffraction data were collected on the ID14-1 beamline of the ESRF synchrotron (Grenoble, France) at a wavelength of 0.934 Å. HlyIIR ∆ L crystals belong to the space group P 2 1 2 1 2 and contain one protein dimer in the asymmetric unit; solvent content 54%.
Structure determination and refinement. We were unsuccessful in our attempts to determine the mutant HlyIIR ∆ L structure by molecular replacement using the Molrep program [12] and the structure of native HlyIIR dimer or monomer (PDB code 2FX0) as a model. Analysis of the rotation function indicated multiple close peaks differing by several degrees, which suggested a change in the conformation of HlyIIR ∆ L molecule in comparison to the native HlyIIR. Potential mobility of native HlyIIR molecule was analyzed using the server ElNemo [13] . This gave 120 models describing the predicted structure mobility, mainly, the relative movement of protein domains. Each model was used for molecular replacement by Molrep [12] ; a contrast solution was obtained for two close models. The Refmac5 program [14] was used for structural refinement; the COOT program [15] was used for reconstruction of the model. Solvent atoms were initially added automatically using the ARP/wARP program [16] , then atoms were added or removed by manual inspection. TLS parameters [17] were used at the last refinement stages; consequently, the model was refined to the R work and R free of 17.9 and 23.7%, respectively, calculated for 25 102 reflexes in the resolution range of 2.1-25 Å (Table) . The fragment 164-167 of subunit A was not built due to the lack of interpretable electron density maps. Stereochemical quality of the model was analyzed using the PROCHECK program [18] ; data processing and refinement statistics are listed in the table. The structure of HlyIIR ∆ L was deposited in the Protein Data Bank (PDB code 2JJ7).
RESULTS
The disordered region in the structure of HlyIIR (amino acid residues 170-185) is located between segment Pro161-Ser169, forming two α -helical turns, and α -helix 9 (Fig. 1a) . Segment Pro161-Ser169 comes in contact with the second subunit of the dimer, while the disordered region is in the vicinity of the dimerization interface. The distance between ë α atoms of the last ordered residues Ser169 and Asp186 is 16.9 Å. Correspondingly, five to six amino acid residues are sufficient to cover this distance. However, this segment of native protein comprises 15 amino acid residues.
Based on the measured distance between the last ordered amino acids, the disordered region (residues 170-185) was substituted with the linker of four alanine residues flanked by two glycine residues. E . coli We then used the Modeller program [19] to model possible linker conformations. The calculations suggested that the last turns of α-helix 9 and segment Pro161-Ser169 could untwist, thereby bringing Ser169 and Asp186 considerably closer to one another. According to modeling data, just one amino acid residue will be enough to link these residues (Fig.  1b) . Based on these data, the mutant protein HlyIIR∆L was constructed; in this mutant, a single alanine residue substituted for the overall disordered region 170-185. This protein, efficiently produced by E. Òoli cells, was purified to homogeneity (see Experimental). According to gel filtration and electrophoretic mobility shift assay (EMSA), the mutant protein retained the ability to form dimer yet lost its DNA-binding activity (data not shown).
The experiments on HlyIIR∆L crystallization demonstrated that the mutant protein displayed considerably improved crystallization characteristics as compared with the native variant: it crystallized in a wider range of conditions (even a spontaneous crystallization of concentrated preparation during storage was observed) and formed sufficiently large monocrystals with a reproducible X-ray diffraction to a resolution exceeding 3 Å. As a result, we succeeded in determining the HlyIIR∆L structure with a resolution of 2.1 Å. Thus, the initially postulated negative effect of disordered region 170-185 on the properties of HlyIIR crystals was confirmed, and removal of this region improved crystallization of the mutant protein.
However, the molecular replacement using HlyIIR dimer or monomer structure as a model failed to determine the HlyIIR∆L structure. We applied a nonstandard technique for determining the structure of the mutant protein; namely, we tested numerous models generated based on the analysis of potential mobility of HlyIIR domains. Thus, we determined HlyIIR∆L structure and refined it to R work and R free values of 17.9 and 23.7%, respectively (Table) . The most surprising feature of the mutant HlyIIR∆L is a complete remodeling of the dimer structure. As is evident from Fig. 2 , HlyIIR∆L subunits are rotated by 160° relative to one another as compared with their position in the native HlyIIR dimer; moreover, the new contacts between subunits are formed by the same surface region as in the native protein dimer.
What is the reason for such considerable remodeling in the protein structure after the substitution of disordered region 170-185 by single alanine residue? Figure 1c shows the superposition of the structural fragment surrounding the region 170-185 of the native protein and the corresponding structure of the mutant HlyIIR∆L. It is evident that the conformation of segment Pro161-Ser169 in the mutant protein is quite different from the conformation predicted by Modeller (Fig. 1b) . According to the theoretical calculations, the last turn in α-helix 9 could untwist, thereby juxtaposing Asp186 and Ser169. In the experimentally determined structure, α-helix 9 is extended by one turn, which changes the position of the whole segment Pro161-Ser169. Note that this segment considerably contributed to the formation of the HlyIIR dimerization interface. In particular, the total area of this interface is about 1800 Å 2 ; approximately 800 Å 2 of this area is formed by two segment Pro161-Ser169s of the partner subunits in the dimer. These segments protrude from the interface surface to dock into the corresponding cavities on the surface of the partner subunit, serving as a lock to fix the dimer in the native orientation (Fig. 2a) . However, the position of segment Pro161-Ser169 in the mutant HlyIIR∆L changed so that it lost the ability to form contacts with the partner subunit. Thus, the dimerization interface of the mutant in a native orientation lost almost half of its surface and, in addition, became planar. As segment Pro161-Ser169 in the new position is unable to limit the movement of subunits relative to one another, the subunits rotated by 160° around the axis that is approximately perpendicular to the plane of initial dimerization interface, thereby reaching the energy minimum in this new position (see Fig. 2 ). The interface area in the new position of subunits was 1400 Å 2 (13% of the total monomer area). This is smaller than the dimerization interface area in the native protein (1800 Å 2 or 17% of the total monomer area); however, after the change in the position of segment Pro161-Ser169, the area of the native interface would decrease to about 1000 Å 2 ; i.e., the formation of an alternative dimer is favorable for the mutant protein from the energy standpoint. Thus, the mutant HlyIIR∆L displays a surprising ability to form alternative intersubunit contacts at the same dimerization interface, giving an alternative nonnative dimer. The orientation of subunits in the native HlyIIR dimer is determined by correct positioning of segment Pro161-Ser169, where it can form contacts with the corresponding cavity on the surface of the partner subunit.
Totally, 15 hydrogen bonds and two salt bridges between the subunits were detected on the newly formed HlyIIR∆L dimerization interface versus ten intersubunit hydrogen bonds and no salt bridges on the interface of native HlyIIR. Both the native and mutant dimerization interfaces are mainly hydrophobic (approximately 60% of hydrophobic residues). Several stacking interactions were observed in the native HlyIIR interface, for example, between the side chains of Trp153 and the His149 of the neighboring subunit (and in the symmetric pair) and Tyr105 and the Tyr105 of the neighboring subunit (Fig. 3a) . However surprising it may seem, the Trp153 of HlyIIR∆L also formed a stacking interaction yet with another partner, the Phe160 of the neighboring subunit (Fig. 3b) . Note that the HlyIIR∆L dimerization interface is somewhat asymmetric, unlike the completely symmetric interface of the native protein. The asymmetry results in an almost complete absence of symmetric donor-acceptor pairs of intersubunit hydrogen bonds. For example, the native protein contains m hydrogen bond between the His152 in subunit A and the Ser156 in subunit B and a symmetric bond between the His152 in subunit B and the Ser156 in subunit A. Such symmetry is observed for all hydrogen bonds. As for the mutant structure, it contains only one symmetric pair of the overall 15 intersubunit hydrogen bonds. When subunit A of the HlyIIR∆L dimer is superposed on subunit B of the second copy of the dimer, the positional shift between the atoms of free subunits A and B is about 4 Å. Presumably, the asymmetry results from incomplete complementarity of the protein surfaces forming the interface in the novel position.
Further analysis of the structure of HlyIIR∆L demonstrated that the substitution of disordered region 170-185 with alanine residue resulted not only in the formation of an alternative dimer due to the change in the position of segment Pro161-Ser169, but also in the changed conformation of individual subunits (Fig. 4) . Superposition of the whole subunits of the mutant and native HlyIIR resulted in r.m.s.d. of 3.2 Å, calculated over ëα atoms (the r.m.s.d. is 2.6 Å if we do not take into account the atoms of segment Pro161-Ser169). It is not surprising that the structure of HlyI-IR∆L could not be solved by molecular replacement using the structure of native HlyIIR as a model. Analysis using the DynDom program [20] has demonstrated that the N-terminal domain of HlyIIR∆L is rotated by 28° relative to the C-terminal domain as compared with their positions in the native HlyIIR structure (Fig. 4a) . The superposition of individual domains in the mutant and native proteins demonstrates that the conformation of N-terminal domain actually did not change (Cα r.m.s.d. is 0.6 Å), while the positions of α-helices 6 and 7 and the segment between α-helices 4 and 5 slightly changed in the Cterminal domain (Cα r.m.s.d. is 2.0 Å for the whole domain; Fig. 4a) .
A hydrophobic cavity with a volume of 550 Å 3 , putatively a ligand-binding site, is located in the center of the C-terminal domain in the native HlyIIR structure; however, this cavity is actually absent in the structure of HlyIIR∆L. This results from several things, in particular, the shift m α-helices 6 and 7 decreased the cavity volume, while the side chains of Phe122 and Phe126, located in α-helix 7, changed the conformation and occupied the central part of this cavity (Fig. 4b) . Further analysis has demonstrated that the structural remodeling of the HlyIIR∆L C-terminal domain was most likely caused by a change in the position of segment Pro161-Ser169. The fact is that the amino acid residues of α-helices 6 and 7, which considerably changed their conformations in the mutant HlyIIR∆L, form a cavity on the protein surface in the native HlyIIR dimer; this cavity contacts the segment Pro161-Ser169 of the partner subunit (Fig. 3a) . In particular, Phe122 and Phe126, which occupied the central part of the cavity in the mutant structure, form hydrophobic contacts with the Phe166 and Phe163 of the segment Pro161-Ser169 in the native HlyIIR structure. Presumably, the contacts with the segment Pro161-Ser169 of the neighboring subunit are of key importance for the maintenance of monomer native structure and formation of the internal ligand-binding pocket, as the conformation of subunits considerably changes and the ligand-binding pocket is occupied by Phe122 and Phe126 in the absence of these contacts in the mutant structure (Fig. 4b) .
DISCUSSION
State-of-the-art molecular biological methods have made site-directed mutagenesis a routine procedure. In particular, site-directed mutagenesis is applicable to the "rational redesign of known proteins" [21] , for example, for changing enzyme specificity or other protein characteristics. In addition, targeted introduction of mutations and subsequent analysis of the structure and functions of mutant proteins provides a deeper insight into the basic principles underlying the functioning of protein systems.
Site-directed mutagenesis is now also used in the crystallography of macromolecules. X-ray analysis requires protein crystals that provide diffraction to a sufficiently high resolution. In certain cases, production of appropriate crystals is a nontrivial task. It is known that entropic effects are the main factors determining crystallization, while a protein globule is surrounded by an "entropic shield" formed by conformationally labile side chains of lysine, glutamic acid, and other residues in order to prevent protein aggregation in the living cell. It has been shown that regions with low conformational entropy created on a protein surface by site-directed mutagenesis can considerably improve the crystallization characteristics of many proteins (for a review, see [22] ). The proposed approach is based on the substitution of amino acid residues with charged and conformationally labile side chains (glutamic acid and lysine) with uncharged amino acid residues, usually alanine. However, successful crystallization in many cases requires deletion of entire disordered segments or loops from a protein, as was done during the structural determination of the Hsp90 chaperone complex with p23/Sba1 [23] .
We used this approach to improve the crystallizability of the transcriptional regulator HlyIIR after unsuccessful attempts to obtain crystals of HlyIIR-DNA complexes. The HlyIIR crystals that formed did not display the necessary diffraction quality, and only after testing over 100 crystals did we manage to find one nonreproducible crystal that diffracted X-rays to a resolution of 2.4 Å on the synchrotron source. Thus, we determined the structure of native HlyIIR and identified a disordered region (residues 170-185) in its structure [11] . To clarify the role of this region in HlyIIR crystallization, we constructed the mutant protein HlyIIR∆L, where region 170-185 was substituted with a single alanine residue.
The mutant protein HlyIIR∆L actually displays better crystallization properties than the native protein, forming crystals with a diffraction to a resolution of at least 3 Å on a rotating anode X-ray generator. Thus, the mentioned disordered region (residues 170-185) negatively influences HlyIIR crystallization. This result confirms that site-directed mutagenesis is promising for constructing proteins with improved crystallization characteristics.
Analysis of the biochemical properties of HlyI-IR∆L has demonstrated that the mutant protein was unable to bind DNA. Experimental determination of the spatial structure of HlyIIR∆L detected considerable remodeling of the dimer formed by the mutant protein (Fig. 2) . The HlyIIR dimer contains two N-terminal domains, carrying a helix-turn-helix motif, for recognition of the specific nucleotide sequence. Correspondingly, both motifs must be mutually arranged so that they are able to simultaneously interact with two regions of the DNA major groove located at a dis- tance of one DNA helix turn. However, the remodeling in the dimer changes the positions of DNA-binding domains in the HlyIIR∆L protein, making them unable to interact simultaneously with DNA; this explains the inability of the mutant protein to bind DNA.
Analysis of the structure of HlyIIR∆L demonstrated that the removal of disordered region 170-185 changed the position of segment Pro161-Ser169 located immediately before it. In turn, the conformational change in this segment leads to the formation of an alternative dimer by the mutant protein, because segment Pro161-Ser169 considerably contributes to the formation of dimerization interface. This also results in conformational changes in individual protein subunits, in particular, the disappearance of the ligand-binding cavity. Presumably, the contacts of amino acid residues of α-helices 6 and 7 with segment Pro161-Ser169 of the neighboring subunit is absolutely necessary for maintenance of the native conformation of protein subunits.
Thus, experimental determination of the structure of mutant HlyIIR∆L allowed us to demonstrate the key role of segment Pro161-Ser169 in maintenance of both the structure of HlyIIR dimer and conformation of its individual subunits. As for the function of disordered region 170-185, it is likely to provide a native conformation of segment Pro161-Ser169. These conclusions could not be made based on analyzing the structure of HlyIIR alone, i.e., knowledge on the structure of the mutant HlyIIR∆L protein is important for understanding native protein organization.
In addition, the constructed mutant protein actually displays considerably improved crystallization properties. We plan to construct mutant HlyIIR with a longer linker substituted for disordered region 170-185, which will crystallize better, yet form a native dimer. We hope that such mutants will allow the structure of their complexes with DNA to be determined.
